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Abstract 

Epidemiological studies indicate that vegetable 
consumption protects against lung cancer in humans, but 
the protective constituents have not been identified. 
Phenethyl isothiocyanate (PEITC), which is released 
upon chewing of watercress (nasturtium officinale), 
is a chemopreventive agent against lung cancer 
induced by the tobacco-specific lung carcinogen 4- 
(methylnitrosainmoH-O-pyridyll-I-butanone (NNK) in 
rats and mice. PEITC inhibits the carcinogenicity of 
NNK by inhibiting its metabolic activation and thereby 
increasing the levels of detoxified metabolites excreted in 
urine. In this study, our goal was to determine whether 
watercress consumption would modify NNK metabolism 
in smokers. Eleven smokers maintained constant smoking 
habits and avoided cruciferous vegetables and other 
sources of isothiocyanates throughout the study. They 
donated 24-h urine samples on 3 consecutive days 
(baseline period). One to 3 days later, they consumed 2 
ounces (56.8 g) of watercress at each meal for 3 days and 
donated 24-h urine samples on each of these days 
(watercress consumption period). One and 2 weeks later, 
they again donated 24-h urine samples on 2-3 consecutive 
days (follow-up periods). The samples were analyzed for 
ivo metabolites of NNK: 4-(methylnitrosaminol-l-(3- 
pyridyt)-l-butanol (NNAL) and f4'(methylnitrosamino)-I- 
(3-pyridyl)but-I-yli-p-fl-[)-glucosiduronic acid (NNAL- 
Gluc). NNAL-Gluc is believed to be a detoxification 
product of NNK. The urine samples were also analyzed 
for PEITC-NAC, a metabolite of PEITC. Minimum 
exposure to PEITC during the watercress consumption 
period averaged 19—38 mg(day. Seven of the II subjects 
had increased levels of urinary NNAL plus NNAL-Gluc 
on days 2 and 3 of the watercress consumption period, 
compared to the baseline period. Overaii, the increase in 
urinary NNAL plus NNAL-Gluc in this period was 
significant [mean ± SD 0.924 ± 1,12 nmoi/24 h (33.5%); 

P < 0,01]- Urinary levels of NNAL plus NNAL-Gluc 
returned to near baseline levels in the follow-up periods. 
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The percentage of increase in urinary NNAL plus NNAL- 
Gluc during days 1 and 3 of the watercress consumption 
period correlated with intake of PEITC during this 
period, as measured by total urinary' PEITC-NAC (r = 
0.62: P — 0.04). The results of this study support our 
hypothesis that PEITC inhibits the oxidative metabolism 
of NNK in humans, as seen in rodents, and support 
further development of PEITC as a chemopreventive 
agent against lung cancer. This is the first study to report 
an effect of vegetable consumption on metabolism of a 
lung carcinogen in humans. 

Introduction 

NNK/ a potent pulmonary carcinogen in rodents, is believed to 
be one of the causes of lung cancer in smokers (1,2). The total 
dose of NNK required to produce lung tumors in rats is similar 
to its total uptake during a lifetime of smoking (3. 4). The 
structure of NNK is illustrated in Fig. 1. NNK requires meta¬ 
bolic activation by cx-hydroxvlation to express its carcinogenic 
activity (1.2. 5-7). The metabolic activation of NNK is cata¬ 
lyzed by cytochrome P-450 enzymes in rodents and humans 
(8-12). Other enzymes may also be involved. The metaboiic 
activation of NNK generates reactive intermediates that form a 
variety of DNA adducts that are involved in carcinogenesis (I. 
2. 5-7). in rodents and humans. NNK is also extensively 
converted to its carbonyl reduction product (NNAL). which, 
like NNK, is a strong pulmonary carcinogen (4. 12—15). NNAL 
undergoes metabolic activation by a-hydroxylation. producing 
the same DNA adducts as does NNK (16). NNAL also can be 
conjugated to NNAL-Gluc. which is believed to be a detoxified 
metabolite of NNAL and NNK. NNAL and NNAL-Gluc are 
excreted in the urine of rodents, primates, and humans exposed 
to NNK (4. 17. 18). if the a-hydroxylation pathways and other 
oxidative metaboiic pathways of NNK and NNAL are inhib¬ 
ited, the result will be increased excretion of NNAL and 
NNAL-Gluc in unne. 

A number of epidemiological studies have shown that 
vegetable consumption protects against lung cancer in smokers 
1 19). Experimental studies have demonstrated that compounds 
found in vegetables can prevent tumor induction (20. 21). One 
such chemopreventive agent Is PEITC. which inhibits NNK 
pulmonary carcinogenesis in rats and mice (22-25). The mech¬ 
anism of inhibition has been studied in detail. The results of 
these investigations have clearly shown that PEiTC decreases 
the metaboiic activation of NNK by inhibiting cytochrome 
P-450 enzymes involved in its a-hydroxylation (I!, 23. 


'The abbreviations used are: NNK, 4-tme[hylniirosaminoi-l-(3-pyndyt)-l* 
biir.'tumr: NNAL. 4*trnelhyinilrnsammo)-l-(3-pyridyll-l-hutanol: NNAL-Gluc. 
[■utmcUiylniirosaminoH'O-pyndyllbui-l-yll-p-O-D-giucnsiduroRtc acid; PEITC. 
phencihyl isothiocyunale: PEITC-NAC. N^cetyl-S-tN-phenediylthiocadjannoyll-i.- 
cystcine. 
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Fit;. 2 Protocol lor examining the effects of watercress consumption on NNK 
metabolism in smokers. Number of days between periods varied. See "Materials 
and Methods" for details. 



FIK- /. Overview of NNK metabolism. For details, see Ref 2. 3. and 5-3. 


26-27). Decreases in NNK metabolic activation and lung tu¬ 
mor Induction have been observed at nontoxic doses of PEITC 
administered in the diet (23). In ongoing studies, we have 
demonstrated that chronic dietary administration of PEITC to 
rats inhibits the metabolic activation of NNK, with a concom¬ 
itant increase in urinary excretion of NNAL plus NNAL-Gluc. 4 
On the basis of currently available data in laboratory animals. 
PEITC appears to be a highly promising compound for che- 
moprevention of lung cancer in addicted smokers. 

PEITC occurs naturally as its ihioglucoside conjugate glu- 
eonasturtiin in a number of cruciferous vegetables (28). Wa¬ 
tercress (nasturtium officinale) is one common vegetable that is 
rich in gluconastuniin (29). Watercress and other cruciferous 
vegetables contain the enzyme myrosinase, which is separated 
celluiarlv from the ihioglucoside conjugate. When the vegeta¬ 
ble is chewed or otherwise macerated, cellular structure is 
disrupted, and myrosinase comes into contact with the thiogiu- 
coside conjugate and catalyzes its hydrolysis. Thus, upon chew¬ 
ing of watercress, gluconastuniin is hydrolyzed to PEITC. an 
isothiocyanate responsible for the sharp taste of this vegetable. 
Chung er ai. (30) demonstrated that a minimum of 2-5 mg of 
PEITC was released in subjects who ate 30 g of watercress. 
Because PEITC has been shown to inhibit the metabolic acti¬ 
vation of NNK in rodents, and substantial amounts of PEITC 
are released upon consumption of watercress in humans, we 
hypothesized that NNK metabolism would be modified when 
smokers ate watercress. We tested this hypothesis in the present 
study by determining the effects of watercress consumption on 
two urinary metabolites of NNK: NNAL and NNAL-Gluc. On 
the basis of studies in rodents and primates, we expected 
urinary levels of NNAL plus NNAL-Gluc to increase upon 
watercress consumption. 

Materials and Methods 

Subjects. Protocols were reviewed and approved by the Amer¬ 
ican Health Foundation Institutional Review Board for protec¬ 
tion of human subjects. All subjects signed a consent form 
before participation. All subjects were healthy smokers. 
Protocol. The critical parameter in this study was total NNAL 
plus NNAL-Gluc in urine. This varies among individuals de¬ 
pending on the number of cigarettes smoked and on metabolic 
differences (31). Therefore, each subject served as his/her own 
control during the study. 

The protocol is summarized in Fig. 2. In the "baseline 
period," 24-h urine samples were collected beginning with the 
first morning void on 3 consecutive days. The "watercress 
consumption penod" commenced 1—I days later. The wuter- 


S. S. Her hi. N. Trushtn. and S.G. CurmelJa. unpublistutii data. 


cress was purchased at a local supermarket on the day before 
the watercress consumption period, and each 2-ounce (56.8-g) 
portion was provided to the subjects in plastic ZIP-Iock bags. 
Subjects consumed 2 ounces of watercress at each meal for 3 
days, beginning with breakfast on the first day. Tweniy-four-h 
unne samples were collected beginning with the first morning 
void on each of the 3 watercress consumption days and on the 
subsequent day. Eight of the 11 subjects also collected 24-h 
urine samples in "follow-up period 1." which was 3 consecutive 
days. 1 week after the watercress consumption period. Five of 
the subjects collected 24-h urine samples in "follow-up period 
2.” which was 3 consecutive days, 2 weeks after the watercress 
consumption period. 

The protocol was carried out in 3 segments; March 1994 
for subjects 5 and 6; August 1994 for subjects 1—I; and Feb¬ 
ruary to March 1995 for subjects 7-11. Subjects 5 and 6 
collected urine only during the baseline and watercress con¬ 
sumption periods because this was an initial test to determine 
whether any effect of watercress would be seen. For subjects 
1-4, follow-up period 1 period was introduced to determine 
whether the effect was transitory. Subject 1 was unable to 
complete follow-up period I due to a death in the family. For 
subjects 7-11. follow-up period 2 was introduced to determine 
whether watercress consumption might have long-lasting ef¬ 
fects. as suggested by the data for subjects 2 and 3 in follow-up 
period 1. 

Each subject was asked to smoke a constant number of 
cigarettes per day ± 2 throughout the entire study. They re¬ 
corded the number of cigarettes smoked on each day of the 
study. Subjects were asked not to eat cruciferous vegetables 
during the entire study, with the exception of watercress on the 
prescribed days. Cruciferous vegetables excluded were broc¬ 
coli. cabbage (including cole slaw and sauerkraut), cauliflower, 
brussels sprouts, radishes, turnips, arugula, mustard greens, and 
coliard greens. Also excluded were other potential sources of 
isothiocyanates including mustard, saiad dressing (except oil 
and vinegar), and mayonnaise. Permissible vegetables included 
potatoes, com. peas, lettuce, cucumbers, carrots, peppers, 
beans, asparagus, tomatoes, onions, beets, celery, squash, and 
spinach. All subjects kept a record of everything eaten during 
the study. 

Collection and Analysis of Urine. Twenty-four-h urine sam¬ 
ples were collected in amber bottles containing ammonium 
sulfamate (4). NNAL and NNAL-Gluc were determined by gas 
chromatography with detection by a Thermal Energy Analyzer, 
a nitrosamine-selective chemiluminescence detector (31). 
PEITC-NAC was analyzed as described by Chung et al. (30). 
Cotinine was determined by radioimmunoassay using antisera 
produced in rabbits (32). Creatinine was measured with a 
Kodak Ektachem 500 clinical chemistry analyzer. 

Statistical Methods. Data are expressed as mean ± SD unless 
otherwise stated. The effects of watercress consumption on 
urinary metabolites were analyzed by a paired t test, and cor- 
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Table l 

Charaeiemncs oi Miuly 

subjects and unnury excretion ct PEITC-NAC during the watercress consumption penod 

Subject 

Sex 

Age 

PEITC-NAC 

in urine (minimum amount of PEITC ingested in 

mg/24 h)" 

Day I 

Day 2 

Day 3 

Day 4 

) 

M 

34 

J6.8 IIS.JI 

69.3 (34.7) 

39.1 (10.6) 

1.62 (0.81) 

2 

M 

27 

15.7 (7.851 

36.5 (18.3) 

10.4 (5.18) 

8.98 (4.49) 

3 

F 

26 

71.8 ( IU.Mi 

37.5 (18.8) 

41.4 (20.7) 

NDj* 

4 

F 

24 

19.3 (9.64) 

43.5 t2l.8) 

27.6 (13.8) 

ND‘ 

5 

F 

26 

90.8 145.4) 

141 (70.5) 

I29 (59.7) 

10.0 (9.5) 

6 

F 

26 

27.6 113.«> 

73.2 (36.6) 

53.2 (26.6) 

32.6 (16.3) 

7 

M 

30 

55.6 (17.8) 

41.1 (20.6) 

48.8 (24.4) 

526 (26.3) 

8 

F 

25 

75.1 (37.6) 

98.9 (49.4) 

149 (74.5) 

34.6 (17.3) 

9 

F 

39 

46.3 (23.1) 

107 (53.5) 

199 (99.5) 

74.0 ( 37.0) 

10 

M 

48 ■ 

39,4 i 19.7) 

84.5 (42.3) 

84.4 (42.2) 

55.9 (28.0) 

n 

M 

27 

21.8 110.9) 

71.6 (35.8) 

55.9 <28.0) 

10.1 (5.1) 

Mean z SD 


30.2 = 7.4 

.58.2 £ 242) 

73.1 £ 33.3 

75.3 = 57.7 

28.9 * 25.3 




(19.1 = 12.11 

(36.6 z 16.7) 

(37.7 £ 28.9) 

(14.5 = 12.7) 


“ To convert lo mmol/24 h, divide by 326 (PEITC-NAC I or 163 (PEITC). 
* NDe. noi dejecied. 

' ND. not determined. 


Ttible 2 Urinary NNAL plus NNAL-Gtuc and col mine in smokers who consumed watercress*' 


Cotinine 


NNAL plus NNAL-Gluc i nmol/24 h: mean : 

(individual values)} 


SD or mean 


Difference [nmol/24 h (% change)] 


Subject 

per day 

(^.mot/24 h 
= SDt* 

Period 1 
i baseline r 

Penod 2 

(watercress 
consumption r # 

Period 3 
(Follow-up 1 f 

Penod 4 
(Foilow-up 2)' 

Period 2 minus 
penod i 

Period 3 minus 
penod 1 

Period 4 minus 
period 1 

1 

18.2 r 2.2 

49.4 

± 14.5 

6.4U = 2.10 

8.30(10,4.6.21) 

NCV 

ND 

1.90(29.7) 

ND 

ND 

2 

16.7 r l.i 

51.3 

* 7.90 

5.SO _ 0.20 

8.18(7.57.8.78) 

9.92 (9.96. 10.4) 

ND 

2.38 (4t.O) 

3,52(5301 

ND 

3 

16.8 r l.i 

37.5 

± 9.49 

5.79 = 1.08 

4.66 (4.83. 4.48) 

6,66 = 1.44 

ND 

0417 (23.0) 

2.87 [75.7, 

ND 

4 

15.0 r Li 

13.6 

± 4.14 

J.18 = 0.85 

3.72 (3.66. 3.7X). 

2,30(2.70. 1-89) 

ND 

-0.46 (-11.0) 

-1.88 (-45.0) 

ND 

5 

15.8 ± 0.4 

51.4 

± 6.65 

4.01 = 0.46 

5.64 t5.29. 6.00i 

NJD' 

ND 

1.63 (40.6) 

ND 

ND 

6 

9.5 £ 1.2 

31.6 

£ 7.61 

1)799 — 11.126 

1.22 f 1.16. 1.271 

wy 

ND 

0.42(52.7) 

ND 

ND 

7 

14.2 * 1.1 

23.6 

= 7.90 

2.26 £ 0.50 

1.2611 .32. 1.20) 

2.!2 (1.48. 2.76) 

0.913 £0.401 

-1,00 (-44.2) 

—0.14 (—6.21 

-1.53 (-59.6) 

8 

13.6 £ 0.7 

29.3 

± 7.90 

Lit r 0.44 

2.69(2.84. 2.541 

1.60 = 0.29 

1.43 = 0.141 

1.48(122) 

0.39(32.2) 

0.22(18.21 

9 

19.1 - 1.7 

33.5 

£ 5.49 

5.25 = (1.74 

5.57(5.46.5.68) 

3,32 £ 0.74 

3.71 = 0.547 

2.i: (74.0 

0.07 (2.2i 

0.46(14.2) 

10 

b.O z 1.4 

17.4 

= 6.59 

3 62 r 1.72 

3.99 (2.99.4.99) 

146 = 0.77 

156 = 0.214 

0.37 (10.2) 

-1.16 (-32.0) 

-1.06 (-29.3) 

n 

15.9 = 1.0 

14.6 

= 2.57 

0,812 = 0,117 

1.06(0.852. |.27) 

0.791 = 0.118 

1.07 =0.111 

0.25 (30.5) 

-0.02 (-2.6) 

0.26 (31.8) 

Mean = SD 

14.8 ± 3.4 

32.1 

± 14,2 

5.28 ± 1.88 

4.21 = 2.58 

3.64 ± 3,08 

1.94 = 1.18 

0.924 = 1.12* 
(33,5 £ 43.2) 

0.456 = 1.85 <9.9 
= 41.6i 

-0.294 ± 0.753 
< -4.9 = 38.2) 


' Eleven smokers maintained constant smoking habits and avoided cruciferous vegetables, except during the watercress consumption period. Twemy-lour-h urine samples 
Were collecied as illustrated in Fig. 2. See “Materials and Methods’’ for details. 

” On 3 baseline days. 3 watercress days, and 3 follow-up day*. To convert to mg cotinine/24 h. multiply by 0, E76. 

Twenty*faur-h unne samples from J consecutive days. 

’'Tweniy-tour-h unne samples irom days 2 and 3 of the watercress consumption penod (sec Fig. 2). 
r Twenty-four-h unne samples from 2-3 consecutive days. 

1 Not determined. 

v Significant compared to 0. P < 0.01 (paired r lesu. 


relations were determined by calculation of Pearson's correla¬ 
tion coefficients (33). 


Results 

Characteristics of the study subjects and their urinary levels of 
a PEITC metabolite. PEITC-NaC, are summarized in Tabic 1. 
Watercress proved to be a good source of PEITC, confirming 
previous studies (28-30). On day l of watercress consumption, 
PEITC-NAC levels in urine ranged from 15.7 to 90.8 mg/24h, 
on day 2 from 36.5 to 141 mg/24h. and on day 3 from 10.4 to 
199 mg/24h. Most of the PEITC-NAC was excreted by the end 
of day 3. The corresponding minimum amounts of PEITC 
ingested on each day are also shown in Table 1. The actual 
amount ingested cannot be determined without knowing the 


extent of metabolism of PEITC to PEITC-NAC, which has 
been estimated to range frorru30 to 67% in hitmans (30), 

Diet records indicated that all subjects complied with the 
protocol and avoided cruciferous vegetables or other sources of 
isothiocyanates during the study, except on the watercress con¬ 
sumption days. The urine of 7 subjects was analyzed for 
PEITC-NAC during the baseline and follow-up periods; 
PEITC-NAC was not detected. 

Nine of the 11 subjects smoked between 10 and 20 ciga¬ 
rettes per day. as summarized in Table 2. Numbers of cigarettes 
smoked per day remained relatively constant, as requested in 
the protocol. Levels of NNAL plus NNAL-Gluc during the 
baseline period were also relatively constant for each smoker 
(mean coefficient of variation ± SD — 24.2 ± 11.3%). 
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Mean levels of urinary NNAL plus NNAL-Gluc in the 
baseline period, on days 2 and 3 of the watercress consumption 
period, and in the follow-up periods, are summarized in Table 
2. In 7 of the 11 smokers, excretion of NNAL plus NNAL-Gluc 
increased on the second 2 days of the watercress consumption 
period compared to the baseline period. The amount was con¬ 
sidered to have increased if the percentage increase was greater 
than 24.2the mean coefficient of variation in the baseline 
period. The percentage increases in these seven subjects ranged 
:rom 29.7 to 1220 (mean r SD = 55.8 — 32.9%j. Three 
subjects exhibited no change according to this criterion, and 
♦ me had a decrease of 44.2%. The mean “ SD increase in 
NNAL plus NNAL-Gluc for all I I subjects was 0.924 “1.12 
nmol/24 h. which was significant (P < 0.01). In follow-up 
period 1. levels of NNAL plus NNAL-Gluc were determined in 
S of I 1 subjects. They were higher than in the baseline period 
in 3 of the subjects, lower in 2. and unchanged in 3. The overall 
difference between follow-up 1 and baseline periods was 0.456 
“ 1.85 nmol/24 h. which was not significant. Changes in 
NNAL plus NNAL-Gluc excretion in each subject in the wa¬ 
tercress consumption period and follow-up period I compared 
to baseline are summarized in Fig. 3. Levels of NNAL plus 
NNAL-Gluc were determined in 5 subjects in follow-up period 
2. Compared to baseline, they increased in 1, decreased in 2, 


Fin. -> Overall percentage of change (mean t SE) in urinary NNAL plus 
NNAL-Gluc on days 2 and 3 of the watercress consumption period, and in the 
follow-up periods, compared lo the baseline period \n = \ 1 lor baseline and 
watercress consumption periods, n = 8 for follow-up period i. and « = 5 for 
follow-up period 2l. ^difference between the watercress consumption and base¬ 
line period* was significant (P < 0.01: see lexer The differences between the 
follow-up and baseline periods were nor significant. Data from Table 2. 


und did not change in 2. The overall change compared to 
baseline was not significant. The composite percentage changes 
in ihe watercress consumption and follow-up periods are sum¬ 
marized in Fig. 4. 

The NNAL plus NNAL-OLuc data were also expressed 
per mg creatinine, and the same calculations as described above 
were performed (Table 3). The mean ± SD increase on the 
second 2 days of the watercress consumption period compared 
to baseline was 0.454 ± 0.684 pmol/mg creatinine, which was 
significant [P < 0.05). The difference between follow-up 
period I and baseline was not significant, in follow-up period 
2. there was a significant decrease in NNAL plus NNAL-Gluc 
compared to baseline IP < 0.05). 

Although the maximum effects of watercress consumption 
on levels of NNAL plus NNAL-Gluc in urine were seen on 
days 2 and 3 of the watercress consumption period, the mean 
Increase in levels of these metabolites on all 3 days of water¬ 
cress consumption were still significant compared to the base¬ 
line period (mean increase. 0.626 ± 0.982 nmol/24 h: P = 
0.031. Levels of NNAL plus NNAL-Gluc were also measured 
in the 24-h urine samples of 5 subjecis on the day after the 
watercress consumption period. In 3 of the 5 subjects, the 
amount decreased compared to the preceding 2 days, by 34.9 2: 
7.57<-. whereas it was unchanged in the other 2 (data not 

.(lOV. [i ). 

The percentage of change from baseline in urinary levels 
of NNAL plus NNAL-Gluc on days 2 and 3 of the watercress 
consumption.period was examined with respect to total urinary 
PEITC-NAC during days 1-3 of the watercress consumption 
period for each subject. These data are summarized in Fig. 5. 
which shows that these two variables correlated (r = 0.62: 
P = 0.04). 

Insight on the potential effect of watercress consumption 
on UDP-glucuronosyl transferase activity can be obtained by 
considering levels of NNAL and NNAL-Gluc separately. These 
data for the first 3 periods of the study are summarized in Table 
4. Six of the 11 subjects showed an increase in free NNAL on 
days 2 and 3 of the watercress consumption period compared to 
baseline, and 5 of these 6 individuals also had increases in 
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Table 3 Urinary NNAL plus NNAL-Gluc 

in smokers who consumed watercress" 




NNAL plus NNAL-Gluc |pmol/mg creatinine: mean z SD or mean 
(individual values )J 

Difference [pmcl/mg creatinine (%■ change?) 

Subject 

Period 1 
(baseline)" 

Period 2 

i watercress 
consumption ) c 

Period 3 
(follow-up l)’ 1 

Period 4 
t follow-up 2f 

Period 2 

minus 
period l 

Period 3 
minus 
period 1 

Period 4 
minus 
period 1 

l 

4.2 J = 0.15 

5.7S (6.27.5-29) 

ND' 

ND 

1.55 (36.6) 

ND 

ND 

■> 

3 62 z 0.23 

4.22 (3,95.4,50) 

5.17(5.22. 5.12> 

ND 

0.60(16.6) 

1.55 (42.8) 

ND 

3 

3.69 = 0.70 

4.48 (4.34.4.62) 

7.43 ± 0.43 

ND 

0.79(21.4) 

3.74(101) 

ND 

4 

3.83 = 0.62 

3.31 (3.21.3.41) 

3.08 (3.37. 2.78) 

ND 

-0.52 (-13.6) 

-0.75 (-19.6) 

ND 

5 

2.84 = 0.31 

3.43 (3.06. 3,78) 

ND' 

ND 

0.58 (20.4) 

ND 

ND 

6 

0.914 z 0.121 

1.33 (1.23.1.44] 

ND r 

ND 

0.42 (45.5 1 

ND 

ND 

7 

1.65 = 0.09 

1.06(1-34.0.77) 

0.937 £ OJ80 

0.632 £ 0.150 

-0.591-35.8) 

-0.71 (-43.2) 

-1.02 (-61.8) 

8 

1.52 z 0.31 

2.41 (2.54. 2.29) 

1.72 £ 0.23 

1.29 Z 0 09 

0.89 (58.6) 

0.20(13.2) 

-0.23 (-15.1) 

9 

4.45 r 0.43 

5.73(5.92. 5.54) 

4 J8 £ 0.0S 

3.99 i 0.25 

!_2S (23.8) 

-0.07 (—I.6l 

-0.46 (— 10.3) 

10 

2.04 z 0.57 

2.09 (1430. 2.281 

1.34 £ 0,09 

1.49 £ 0.18 

0.05 (2.5) 

-0.70 (-34.3) 

-0.55 (-30.0) 

ll 

11.599 = 0.186 

0.547(0.417.0.6761 

0J92 £0.060 

0.474 £ 0.040 

-0.052 (-8.7) 

-0.207 (-35.0) 

-0.125 (-21.7) 

Mean z SD 

2,67 z 1.37 

3.13 = 1-81 

3.06 £ 2.44 

1.57 z 1.42 

0.454 z 0.684' 
(15.7 z 27.7) 

0.381 z 1.55 
(11.6 ± 47.4) 

-0.478 £ 0.347 f 
C-27.S £ 30.4) 


“ Eleven smokers maintained constant smoking habits and avoided cruciferous vegetables except during the watercress consumption period. Twenty-four-h urine samples 
were collected as illustrated in Fig. 2. See “Materials and Methods'* for details. 
h Twenty-four-h urine samples from 3 consecutive days. 

1 Twenty-four-h unne samples from days 2 and 3 of the watercress consumption period (see Fig. 2). 
lt Twemy-tour-h unne samples from 2-3 consecutive days. 

' Not determined. 

' Significant compared to 0: P < 0.05 (paired / test). 



F/$. 5. Relationship between the percentage of change from baseline of urinary 
NNAL plus NNAL-Gluc on days 2 and 3 of the watercress consumption period 
and total urinary PE1TC-NAC on days I -3 of the watercress consumption period 
for the 11 smokers 


levels of NNAL-Gluc. Seven of the 11 subjects showed an 
increase in NNAL-Gluc on days 2 and 3 of the watercress 
consumption period, and 5 of these also had increased levels of 
NNAL. These changes are presented in summary form in Table 
5. Consideration of Table 5 indicates that the NNAL-Gluc: 
NNAL ratio should have increased in two subjects {subjects 2 
and 9) upon consumption of watercress. This was observed. 
The ratio for subject 2 increased from 3.3 at baseline to 5.2 on 


days 2 and 3 of watercress consumption, whereas for subject 9, 
the corresponding figures were 3.5 and 5.9. In the other 5 
subjects with increased levels of NNAL plus NNAL-Gluc. 
there was no increase in ratio between baseline and days 2 and 
3 of the watercress consumption period. Collectively, these data 
indicate that the major effect leading to increased NNAL plus 
NNAL-Gluc was an increase in the amount of available NNAL 
due to inhibition of another metabolic pathway. However, in 
two cases. UDP'glucuronosyl transferase activity may also 
have been induced. 

The major contribution to increased urinary NNAL plus 
NNAL-Gluc was made by NNAL-Gluc because this is the more 
abundant of these two NNK. metabolites. As shown in Tables 4 
and 5. the 7 subjects with increased levels of NNAL-Gluc on 
days 2 and 3 of the watercress consumption period were the 
same 7 who had increased levels of NNAL plus NNAL-Gluc. 
The increase in urinary NNAL-Gluc on days 2 and 3 of the 
watercress consumption period (mean ± SD. 0.769 ± 0.968 
nmol/24 h> was significant compared to baseline (P < 0.02). 

Discussion 

The results of this study support our hypothesis that watercress 
consumption increases urinary excretion of NNAL plus NNAL- 
Gluc in smokers. The mean increase in urinary NNAL plus 
N’NAL.-Gluc was significant in the watercress consumption 
period compared tcubaseline levels (Fig. 4). Urinaty NNAL plus 
NNAL-Gluc levels decreased after the watercress consumption 
period. Changes in urinary NNAL plus NNAL-Gluc correlated 
with PE1TC intake, as measured by PEITC-NAC levels in urine 
(Fig. 5). These data provide strong evidence that PE1TC inhibits 
metabolic oxidation of NNK in smokers. 

Studies in rats and mice have demonstrated that adminis¬ 
tration of PEITC results in inhibition of hepatic and pulmonary 
NNK ti-hydroxylaiion and NNK-.V-oxide formation (H, 23, 
26-27). As shown in Fig. i, this should resuit in accumulation 
and increased urinary excretion of NNAL and NNAL-Gluc. 
This was observed in a recently completed carcinogenicity 
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Table 4 Urinary NNAL and NNAL-Gluc m smokers who consumed watercress" 


NNAL 


Subject 


nmoi/24 b 


Difference (nmol/24 h (.% change)] 

Period 1 

I baseline', 
mean ± SD) h 

Period 2 {watercress 
consumption, mean 
{individual values Ip' 

Period 3 (Fallow-up. 
mean z SD or 
mean (individual 
values)] J 

Period 2 minus 
penod l 

Period 3 minus 
Period I 

J 

1.74 r 0.78 

7.49 [3,16. I.H2) 

ND r 

0.75(43,1) 

ND 

2 

(.34 * 0.076 

1.31 <0.994. 1.63) 

1.75 f 1.67. l.S3l 

-0.03 (-2.2) 

0.44(30.6) 

3 

0.871 ± 0.228 

i.20 (1.34. 1.05) 

1.57 ± 0.344 

0.339(37.8) 

0.699(80.3) 

4 

0.925 ±0.213 

0.751 (0.832.0.669) 

0.559 ± 0.20 . .. 

-0.174 (-2322) 

-0.366 (-39.61 

5 

0,745 ± 0.105 

L28H.J2. 1.43) 

ND' 

0.535(71.8) 

ND 

6 

0,221 ±0.031 

0.356(0.347.0.373) 

ND' 

0.137 (62.0) 

ND 

7 

0.413 ± 0.J 11 

0,138 (0.83,0.193) 

0.404 (0.184. 0.623) 

-0.275 (-66.6) 

-0,009 (-2^) 

8 

0.356 ± 0.2IS 

0.621 [(1.609. 0.6331 

0.318 ± 0.070 

0.265 ( 74.4) 

-0.03S (-10.7) 

9 

0.720 ± 0.226 

0,805 (0.753. 0.8861 

0.631 ±0.111 

0.085(11.8) 

-0.089 (-12.31 

10 

0.646 = 0.363 

0.595 f0.5J9. 0.6701 

0.480 ± 0.200 

-0.051 (-7.8) 

-0.166 (-25.71 

H 

0.J19 ± 0.042 

0.206 <0.136.0.276) 

0.M 2 ± 0.041 

0.087 (73. U 

-0.007 (-5.88) 

Mean - 5 D 

0.736 Z 0.482 

0.SB7 a 0.670 

0.736 = 0.596 

0.151 ± 0303 

0.058 £ 0,344 





i24.9 = 46.4) 

(J.S2 ± 37.6) 

NtNAL-Gluc 

1 

4.66 t 1.34 

5.79 (7.19. 439) 

ND 

1.13(24.2) 

ND 

2 

4.46 2: 0.18 

b.87 <6.58. 7.15) 

8.17 t7.79. 8.55) 

2.41 (53.9) 

3.71 (83.2) 

3 

2.92 ± 0.87 

3.46(3-44. 3 43) 

5.08 ± 1.1? 

0.54(18,4) 

2.16 (74.0) 

4 

3.26 r 0.71 

2,97 (2,83.3.11) 

1.86 ± 0.26 

-0.291-8.9) 

-1.40 (-42.9) 

5 

3.27 ± 0.36 

4 .37 f-l. 1 7. 4.57) 

ND 

1 10(33-6} 

ND 

6 

0.578 ± 0.096 

0.858(0.784,0.932) 

ND 

0.280 (48.4) 

ND 

7 

! .852 ± 0.395 

1.12)1.13. I.J2) 

1.72 (1-30. 2.131 

- 0 . 1321 - 39 . 5 ) 

-0,13i(-7.1> 

8 

0.860 ± 0.261 

2.07 (2.23. 1.90> 

1.28 ± 0.28 

1.2! (14h 

0.42 (48.8j 

9 

2.53 ±0.518 

4.75(4.70.7.80) 

2.69 ± 0.63 

222 (87.7) 

0.16 <6.3) 

10 

2.97 s 1.36 

340(2.47.4,32) 

1-98 ±O>60 

0.43(14,5) 

-0.99 (-33.31 

11 

0.693 ± 0.087 

0.858 (0.722.0.994) 

0.67R ±0.132 

0.165 (23.8) 

-0.0t51-2.21 

Mean * SD 

2.55 ± 1.42 

3.32 ± 2.01 

2.93 ± 2.49 

1) 769 r O.SBS 1 

0.489 ± 1.676 





(36.1 ± 47.91 

<15.9 ± 47.51 


*' See "Materials and Methods*' and footnote a of Table 2 for details of protocol. 
h Twenty-ibnr-h urine samples from 3 consecutive days. 

■ Tuenty-four-h urine samples from days 2 and 3 of the wafercrcs*: consumption penod {see Fig. 2). 
*' Tureruy-fotir-h unne samples from 2-3 consecutive days. 

" Nut dciennined. 

' Significant compared to 0: P < 0,02. 


study in which rats consumed either controi or PEITC-contain¬ 
ing diet and were treated chronically with NNK in the drinking 
water. 4 Urinary levels of NNAL plus NNAL-Gluc were mea¬ 
sured at two intervals during that study. The amounts of NNAL 
plus NNAL-Gluc were elevated in the PEiTC-treated rats com¬ 
pared to control animals. Because technology to assess levels of 
or-hydroxylation and pyridine-iV-oxidation metabolites of NNK 
in the urine of smokers is not yet available, we do not know 
whether one or both pathways are being inhibited by watercress 
in the present study; based on studies in rodents, however, n is 
likely that both a-hydroxylation and pyridine-iV-oxidarion have 
decreased in the smokers with increased levels of urinary 
NNAL plus NNAL-Gluc. 

Experiments in rodents have shown that decreased o-hy- 
droxyiation is the major mechanism by which PE1TC inhibits 
lung cancer induction by NNK (II. 23. 26-27). If similar 
mechanisms occur in humans, as this study indicates. PEITC 
may be an effective chemopreventive agent against NNK in 
smokers. Several epidemiological studies have shown that veg¬ 
etable consumption protects against lung cancer in smokers, but 
the constituents of vegetables responsible tor the protective 
effect have not been identified (19, 20). It is unlikely that any 
one constituent of vegetables is responsible. Our results suggest 


that PEITC may be one of the protective compounds. Despite 
the strong epidemiological evidence that vegetable consump¬ 
tion inhibits lung cancer, we are aware of no previous repons 
on the effects of vegetable consumption on lung carcinogen 
metabolism in humans. In related work, one study demon¬ 
strated that consumption of brussels sprouts and cabbage in¬ 
creased the metabolism ot phenacetin in humans, whereas two 
others showed thal consumption of brussels sprouts resulted in 
elevated levels of a-class glutathione S-transferase levels in 
human blood plasma (34-36). These effects are consistent with 
protective mechanisms proposed on the basis of animal studies 
(20. 21). A recent study showed no effect of a single 50-g 
portion of watercress on debrisoquine metabolism In humans 
(37). 

An additional mechanism to explain increased levels of 
urinary NNAL-Gluc after tvaiercress consumpiion would be 
induction of UDP-glucuronosyltransferase enzymes by PEITC 
or another constituent of watercress. In rats. PEITC treatment 
results in a small induction of hepatic UDP-glucuronosyltrans- 
ferase (27). However, consideration of the data in Tables 4 and 
5 indicates that in most smokers in our study, the major effect 
resulted from inhibition of other pathways, leading to increased 
levels of NNAL available for conjugation. Alternatively. 
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Table 5 

Summary of changes in levels of NNAL, NNAL-Gluc. and NNAL 
plus NNAL-Gluc tn smokers who consumed watercress*' 

Subject 

NNAL 

NNAL-CJuv 

NNAL plus NNAL-Gluc 

l 

■> 

NC 


+■ 

3 

- 

NC 

NC 

4 

NC 

NC 

NC 


5 

6 


7 

- 

— 

- 

8 

+ 

4- 

+ 

9 

NC 

+ 

- 

10 

NC 

NC 

NC 

11 

- 

*■ 

f 


“ From data in Tables 2 and 3. increase over baseline of greater than 3l>.8 t £ 
for NNAL. 22.0* for NNAL-Gluc. and 24.2tf for NNAi/plus NNAL-Gluc. 
These percentages are the means of the coefficients of variation for these values 
for all subjects during the baseline period. decrease. NC. no change. 


PEITC or another watercress constituent could induce carbonyl 
reductase activity or affect the rate of urinary excretion of NNK 
and its metabolites. 

Ongoing studies of the effects of PEITC on NNK metab¬ 
olism in the patas monkey indicate that the inhibition of oxi¬ 
dative metabolism is transitory and dependent on the presence 
of PEITC. 4 Changes in urinary NNK metabolite levels consis¬ 
tent with those described here were observed, but the effect 
decreased 24 h after PEITC administration. The results of the 
present study also indicate that the effects of PEITC are tran¬ 
sient in some smokers because levels of NNAL plus NNAL- 
Gluc decreased on the day after the watercress consumption 
period and in the follow-up periods. However, in two smokers, 
levels of NNAL plus NNAL-Gluc were higher in follow-up 
period I than in the watercress consumption period. This 
requires further study. 

The greatest increases in levels of urinary NNAL plus 
NNAL-Gluc were seen on days 2 and 3 of the watercress 
consumption period. This can be attributed to the experimental 
design. On day I of the watercress consumption period, urine 
collection began with the first morning void and thus contained 
NNK metabolites from smoking on the previous day. There¬ 
fore, the effect of watercress consumption on day I was diluted, 
although the overall increase in NNAL plus NNAL-Gluc in the 
watercress consumption period was still significant. 

Although the aggregate data indicate a predictable effect 
of watercress consumption on NNK metabolism in smokers, 
increases of NNAL plus NNAL-Gluc during the watercress 
consumption period were observed in only 7 of the subjects, 
and there was considerable variation in the extent of the in¬ 
crease. ranging from 29.7 to 122% on days 2 and 3. Levels of 
NNAL plus NNAL-Gluc in 3 subjects did not change in the 
watercress consumption period, whereas they were markedly 
decreased in 1 subject. The effects that we observed are most 
likely due to inhibition by PEITC of human cytochromes 
P-450, including but not restricted to cytochrome P450 IA2 
(12, 38). Levels of cytochrome P-450 enzymes will vary greatly 
among individuals, as will the metabolism of NNK (12. 13). 
Thus, the effects of PEITC and other constituents of watercress 
will also be different in each individual. If ehemopreveruive 
agents such as PEITC are to be used in intervention studies in 
smokers, it will be advisable to use biomarkers to select those 
smokers who are likely to be responsive. 

In rats, the daily dose of PEITC that inhibited lung cancer 
induction by NNK was approximately 40 mg/kg body weight 


(240 p.mol/kg) administered in the diet i23). NNK was given by 
s.c. injection at a daily dose of 1.76 mg/kg (8.5 jtmol/kg). 
However, only about 0.3% (0.005 mg/kg or 0.025 jimol/kg) 
reaches the lung. 5 The PEITCiNNK moiar ratio was approxi¬ 
mately 9600. using the value for NNK dose in lung. In this 
Study, the mean minimum amount of PEITC ingested on days 
2 and 3 of the watercress consumption period was 37 mg/day, 
or approximately 0.5 mg/kg body weight (3 jimol/kg). This 
dose was only l/80th as great as that used in the rat chemo- 
prevention study. However, the daily dose of NNK was also 
much lower than in the rat study. Considering that urinary 
NNAL plus NNAL-Gluc may represent 50% of the dose of 
NNK. the mean daily dose of NNK would be approximately 6.4 
nmol (0.085 nmol/kgj. using the NNAL plus NNAL-Gluc val¬ 
ues from the baseline period. Thus, the PEITCiNNK molar ratio 
in our study was approximately 35.000 (about 4 times as great 
as in the rat study). Although differences tn routes of admin¬ 
istration and possibly metabolism of PEITC and NNK in rats 
versus smokers preclude further comparisons, the concordance 
between the rat and human data are encouraging with respect to 
further development of PEITC as a chemopreventive agent. 

Chemoprevention may be one way to decrease lung cancer 
risk in smokers who are addicted to nicotine and cannot stop 
smoking. The results of this study provide human data that 
bolster the growing body of evidence supporting further devel¬ 
opment of PEITC as a chemopreventive agent against lung 
cancer in smokers. Nevertheless, the potential beneficial effects 
of inhibition of oxidative metabolism of NNK may be offset by 
the increased levels of NNAL. which is a potent carcinogen. 
Moreover, the complexity of tobacco smoke must be kept in 
mind when considering chemoprevention strategies. The major 
lung carcinogens in tobacco smoke appeur to be NNK and 
polynuclear aromatic hydrocarbons such as benzo[u)pyrene 
(39|, Tobacco smoke also contains toxic agents, cocarcinogens, 
and tumor promoters. Whereas PEITC is a good inhibitor of 
NNK-induced lung carcinogenesis in animals, and the present 
resuits indicate thal it also inhibits NNK metabolic activation in 
humans, it is not an effective inhibitor of lung tumor induction 
by benzo[a]pyrene (40. 41). Furthermore, suppressing agents 
that could reverse some of the damage done by tobacco smoke 
carcinogens and other toxic agents are needed, and PEiTC has 
no activity of this type (42). It is likely that specifically de¬ 
signed mixtures of chemopreventive agents will be necessary 
for inhibition of lung cancer development in smokers. 
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